The ability of attractants and repellents to affect the turnover of methyl groups on the methyl-accepting chemotaxis proteins (MCPs) was examined for Bacillus subtilis. Attractants were found to cause an increase in the turnover of methyl groups esterified to the MCPs, while repellents caused a decrease. These reactions do not require CheW. However, a cheW null mutant exhibits enhanced turnover in unstimulated cells. Assuming that the turnover of methyl groups on the MCPs reflects a change in the activity of CheA, these results suggest that the activation of CheA via chemoeffector binding at the receptor does not require CheW.
Escherichia coli has been the prototype for understanding chemotactic sensory transduction in bacteria. In E. coli, when a chemoeffector binds to the receptors, or methylaccepting chemotaxis proteins (MCPs), a conformational change occurs in the receptor, which transmits the information from the periplasmic space to the cytoplasm (30) . The addition of attractant in the presence of CheW is believed to inhibit the autophosphorylation of CheA such that the level of CheY-P subsequently decreases (7, 21) . CheY-P is thought to bind to the switch to cause clockwise rotation of the flagella (20, 23, 27, 28, 36, 37) . The addition of attractant also increases the rate of methylation of the MCPs by the methyltransferase (13) CheR such that the rate of CheA autophosphorylation can return to normal (29) , thus allowing the bacteria to adapt. Repellents are believed to increase the rate of autophosphorylation of CheA and hence the level of CheY-P (6), inducing the bacteria to tumble. However, CheA-P also phosphorylates CheB, and CheB-P, which is the activated form of the methylesterase (17) , rapidly demethylates the MCPs so that CheA-P returns to the prestimulus level (20) .
Chemotaxis in Bacillus subtilis has significant similarities to as well as differences from chemotaxis in E. coli. For instance, B. subtilis has homologs to CheA (10) , CheB (11, 19) , CheR (8, 9), CheW (14) , and CheY (3) . CheA in B. subtilis, like that in E. coli, is probably the master controller of chemotaxis, because excitation does not occur in a cheA null mutant (10) . However, a novel reaction, whereby attractants cause a high rate of turnover of methyl groups on the MCPs, occurs in B. subtilis. These methyl groups remain in the system, rather than evolving directly as methanol, since they return to the MCPs (32-34) when the attractant is removed. It is believed that these methyl groups are transferred to a regulator protein, but its function is not presently understood (2, (31) (32) (33) (34) . Another significant comparison between E. coli and B. subtilis is the switch that controls the direction of flagellar rotation. Both organisms have FliM (38) and FliG (1) homologs. In addition, E. coli has a small (14-kDa) protein, FliN (15, 18) (5) . Such a result might be expected if the switch in B. subtilis also bound a methylated regulator in addition to CheY (4).
We have previously characterized a B. subtilis homolog to the E. coli CheW protein (14) . In E. coli, CheW is believed to couple events at the receptors with changes in the rate of CheA autophosphorylation and subsequent phosphoryl transfer to CheY and CheB (6, 7, 16, 21 
MATERIALS AND METHODS
Strains. OI1085 is a chemotactic wild-type strain of B. subtilis which has been previously described (35 (33) .
Transformation. B. subtilis transformations were performed as previously described (24) .
In vivo methylation. In vivo methylation experiments have been previously described by Ullah and Ordal (35 For attractant and repellent cold chase experiments, protoplasts were first incubated with [methyl-3H]methionine for 5 min. At this point, a 100-fold excess of nonradioactive methionine was added. The samples were removed at 7 min and were rapidly aliquoted into tubes containing the appropriate concentration of chemoeffector or CB (as a control). All aliquots were frozen immediately after removal. Cold chase experiments were also performed such that the methylation reactions were allowed to continue incubating after the addition of chemoeffector at 7 min. Aliquots were then removed at various times and were rapidly frozen.
Polyacrylamide gel electrophoresis. Protoplasts were solubilized by boiling for 5 min in 2x sodium dodecyl sulfate (SDS) solubilization buffer, and then they were applied to SDS-polyacrylamide gels (10% polyacrylamide) (33) . Gels were prepared for fluorography as previously described (33) .
RESULTS
Effect of a cheW null mutation on MCP methylation. To determine whether CheW might play some role in MCP methylation, the ability of cheWnull mutant strain OI2737 to methylate the MCPs was compared with that of the wildtype strain, 011085. In this experiment, the cells were incubated with [methyl-3H]methionine in the absence of protein synthesis. The cells were solubilized, fractionated by SDS-polyacrylamide gel electrophoresis, and fluorographed. Figure 1 indicates that the methylation of the MCP species was similar except that a less methylated form of the largest MCP, designated Hi (12), was more prominent in the mutant than in the wild type.
Time course of methylation. Unlike for E. coli (13) , there is little change in MCP methylation with chemotactic stimulation for B. subtilis (32, 34 CheA, which controls the behavior of the cell (6, 7, 16, 21) . To determine whether the B. subtilis cheW mutant was sensitive to the addition of attractant, the null mutant and the corresponding wild-type strains were exposed to a high concentration of a strong attractant (0.1 M aspartate) (25) under cold chase conditions. In this experiment, the bacteria were exposed first to [methyl-3H]methionine and then to an excess of nonradioactive methionine. A couple of minutes later, attractant was administered to the bacteria. Since the specific activity of the S-adenosylmethionine pool was now lower because of a dilution of the isotope, any increase in turnover would result in reduced MCP methylation. It is apparent that the attractant caused an increase in turnover in the wild type as well as in the cheW mutant. The specific activities of the methyl groups for both the cheW mutant and the wild type became identical immediately after stimulation, which presumably reflects the specific activity of the S-adenosylmethionine pool at that particular time (Fig. 3) . Prior to the addition of attractant in this experiment, labelling of the MCPs was decreasing in the cheW mutant but increasing in the wild type (Fig. 3, first three datum points) . This reflects the higher turnover rate for the cheW mutant in the absence of stimulation (Fig. 2) . This higher turnover rate for the cheW mutant continued to occur after attractant stimulation (Fig. 3) .
We have previously demonstrated that the addition of attractant or repellent to the cheWmutant caused a transient behavioral change, although the mutant was quite defective in a capillary assay (14) . In 3H]methionine and then were subsequently exposed to a 100-fold excess of nonradioactive methionine before the attractant was added in a cold chase experiment. The attractant (aspartate) concentration was varied over a wide concentration range. In this type of experiment, a reduction in the specific activity of methyl groups on the MCPs is reflected by the decreased labelling of MCPs in the fluorograph. The threshold for affecting turnover was only slightly lower in the cheW mutant (Fig. 4) . Therefore, the cheW mutant is as sensitive as the wild type to attractant-induced transfer of methyl groups to their acceptor. Furthermore, as shown previously, addition or removal of attractant causes methanol production, probably to help bring about adaptation (33) . This process was normal in the cheW mutant (data not shown).
Effect of addition of repellent. In B. subtilis, repellents do not work by entirely the same mechanism as attractants. If methyl-3H-labelled bacteria are exposed to an excess of nonradioactive methionine and subsequently to attractant, the labelling of the MCPs is immediately decreased because of replacement of high-specific-activity methyl groups with low-specific-activity methyl groups from the S-adenosylmethionine pool. Removal of the attractant causes a return of the high-specific-activity methyl groups to the MCPs despite the continued presence of nonradioactive methionine (33) . The addition of repellent to these attractant-treated cells does not cause this change (33) .
In order to obtain possible insight into the effects of a negative stimulus, we performed a cold chase experiment with different concentrations of the repellents butyrate and indole by using a protocol similar to that used for aspartate. In both the wild type and the cheW mutant, low concentrations of butyrate caused a decrease in turnover of methyl groups on the MCPs (Fig. 5) . The thresholds were similar to those in the capillary assay of the wild type (30 ,uM; data not shown). As the butyrate concentration was increased fur-.
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Aspartate (Molarity) FIG. 4 . Effect of aspartate on MCP methylation. As described in Materials and Methods, labelled protoplasts were aliquoted into tubes containing threefold dilutions of aspartate at concentrations ranging from 0.1 M to 0.14 mM or CB (as a control). A, 011085; 0, 012737. Quantitation of MCP methylation was performed by densitometry.
ther, the turnover of methyl groups on the MCPs was reversed and began to increase as though attractant were being added simultaneously. The significance of this result is not presently understood.
The cheW mutant was only slightly more sensitive to the repellent indole than was the wild type (Fig. 6 ). Once again, low concentrations of this repellent also caused a decrease in methyl turnover for both the wild type and the cheWmutant. At higher concentrations of indole, the cheWmutant showed an increase in turnover, an effect similar to that observed for butyrate. The wild type, however, continued to exhibit a decrease in the turnover of methyl groups on the MCPs. Thus, regarding the negative stimulus of repellent addition as well as the positive stimulus of attractant addition, the cheW mutant is as sensitive as the wild type. Therefore, CheW is required neither for increasing nor for decreasing the turnover of methyl groups on the MCPs in response to chemoeffectors.
DISCUSSION
The work described in this article reveals that the turnover of methyl groups on the MCPs is inhibited at low concentrations of repellent. In contrast, attractants cause an increase in turnover, with the initial turnover rate being high immediately after attractant addition and gradually declining (32) . On the basis of other data, we speculate that methyl groups are transferred to a regulator protein (4) . The cytosolic concentration of this methylated regulator would increase with addition of attractant (32) (33) (34) 
